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responsibility ofAbstract Bioinspired by the spinning of spider silks, the biomimetic preparation of elastomeric ﬁbers
with micro/nano structures on the surfaces was attempted, and as a result, three types of ultraﬁne full-
vulcanized powdered nitrile-butadiene rubber (UFPNBR)/thermoplastic polyurethane (TPU) ﬁbers
were made. The ﬁrst ﬁber was only decorated by the micron-sized grooves on the surface, and the
second ﬁber was dotted by both the micron-sized grooves and nanometer-sized spheres on the surface,
while the third ﬁber was helical and with a concave–convex surface. The biomimetic preparation mainly
consisted of four steps, and the formation mechanism was described as an integrated mechanism of
diffusion, coagulation, self assembly, and microphase separation. The micro/nano structures on the
ﬁbers were controlled by changing the mass ratio of UFPNBR to TPU and environment of vertical
stretching. The UFPNBR/TPU elastomeric ﬁbers were hoped to have an integrated function of
superhydrophobicity, self cleaning, and mechanical improvement of toughness or strength.
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Chinese Materials Research1. Introduction
Living beings in the nature have evolved over billions of years to
create various efﬁcient functions, such as superhydrophobicity,
self cleaning, and mechanical reinforcement [1]. In these func-
tions, the native biomaterials with perfect micro/nano structures,
such as lotus leave, butterﬂy wing, and nacre, always play very
important roles [2–5]. When catching hold of the formation
principles of these native biomaterials and having an insight into
their structure–function relationships, that is to say, after
grasping the principles of bionics, we can start mimicking and
designing novel structural and functional materials.n and hosting by Elsevier Ltd. All rights reserved.
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cated by the natural spider [6–8], have many outstanding
functions such as extraordinary mechanical properties [9–11],
excellent shape memory [12], high damping capacity [13],
directional water collection [14], certain biosorption ability
[15], and good biocompatibility [16]. All these functions are
chieﬂy attributed to two aspects. One is the unique spinning
process of spider silks, consisting of the gradual self-assembly
of silk proteins in vivo and subsequent stretching and drying
of protein silks in vitro [9,17], and the other is the micro/nano
structures of spider silks [18–21], such as the protein nano-
crystalline reinforced amorphous phase of dragline silks
[18,21] and the periodic helix of capture silks [14]. Spider silks
have been proposed for use in different ﬁelds such as space-
ﬂight, military, building, agriculture, water gathering, biome-
dicine, etc [22,23]. The spider is sure to be a great engineer in
the nature, that is to say, ‘‘the spider wins the attention of
human beings because of his silk’’.
Mostly bioinspired by the micro/nano structures of spider
silks, researchers have designed many characteristic structural
and functional materials [24–30], and in these materials, three
kinds of bioinspired ﬁbers have attracted more attentions from
us. The ﬁrst one is the single-wall carbon nanotube/polyvinyl
alcohol ﬁber with extremely high strength and toughness,
being prepared by a modiﬁed coagulation-based ﬁber spinning
[24]. The second one is the artiﬁcial spider silk with periodic
spindle-knots and capable of driving tiny water drops
to move, being fabricated through immersing nylon ﬁbers
into polymer solutions [29]. The third one is the poly(ethylene
glycol)/polystyrene ﬁber with bead-on-string heterostructures,
being manufactured by coaxial electrospinning and electro-
spraying [30]. In these designs, it is found that the produc-
tion method is very signiﬁcant as well as the principle of
bionics.
Therefore, in this work, mainly bioinspired by the spinning
process of spider silks, we attempted to implement the
biomimetic preparation of elastomeric ﬁbers with micro/nano
structures on the surfaces, and hoped the micro/nano struc-
tures on the surfaces of the ﬁbers could be controlled. In the
biomimetic preparation, ﬁrst of all, a thermoplastic polyur-
ethane (TPU) elastomer with outstanding hydrolysis resistance
and low temperature ﬂexibility was chosen as the main
polymer, instead of silk protein, to prepare the elastomeric
ﬁbers. Polyurethane elastomers are often used to prepare the
famous elastomeric ﬁbers called Spandex, and usually show
many similar structural features to silk proteins, such as the
segmented molecular chains and abundant hydrogen bonds.
Second, the polymer nanoparticles, ultraﬁne full-vulcanized
powdered nitrile-butadiene rubbers (UFPNBR, about 100 nm
in diameter), were mixed into the TPU elastomers to prepare
the spinning dopes by a solvent-assistant processing method,
and the UFPNBR nanoparticles were expected, something like
the protein micelles (about 10–100 nm in diameter) formed in
the spinning of spider silks [17] and together with the TPU
macromolecules, to self assemble into distinctive micro/nano
structures on the surfaces of the elastomeric ﬁbers. As a result,
three UFPNBR/TPU elastomeric ﬁbers with different micro/
nano structures on the surfaces were successfully made, and
they, like lotus leave [31], butterﬂy wing [32], and spider silk,
might have an integrated function of superhydrophobicity, self
cleaning, and mechanical improving of toughness or strength
in the future.2. Experimental
2.1. Materials
The TPU elastomer (Elastollans 1180A, 1.11 g cm3 in density)
was obtained from the BASF group, presenting outstanding
hydrolysis resistance and low temperature ﬂexibility. The nano-
particles of ultraﬁne full-vulcanized powdered nitrile-butadiene
rubber (UFPNBR, VP-401, about 100 nm in diameter, above
90% in gel fraction and 0.95–1.0 g cm3 in density) were
achieved from SINOPEC Beijing Research Institute of Chemical
Industry. N, N-dimethyl formamide (above 99.5% in purity and
0.945–0.950 g cm3 in density) and ethanol (above 99.7% in
purity and 0.887–0.889 g cm3 in density) were obtained from
Beijing Chemical Works in China. All these materials and
reagents were used as received.
2.2. Preparation of the spinning dopes
First, the TPU solution with N, N-dimethyl formamide (DMF)
as solvents was prepared, and the solution concentration was
controlled at 0.2 g/mL (the ratio of TPU mass to DMF
volume). Second, a certain amount of UFPNBR nanoparticles
were taken and wetted by using a determined volume of ethanol
solvents and ultrasonically dispersed for 10 min in a reagent
bottle, and the mass ratios of UFPNBR to TPU were
controlled at 0/20, 1/20, 2/20, 3/20, 4/20, and 5/20. Third, the
wetted and dispersed UFPNBR nanoparticles, together with
the used ethanol, were poured into the prepared TPU solutions,
and the residual UFPNBR nanoparticles in the reagent bottle
were cleaned up by using a determined volume of DMF and
also poured into the TPU solutions. The volume of the secondly
used DMF was the same as the volume of the used ethanol, and
at that time the TPU solution concentration was changed from
initial 0.2 g/mL into 0.1 g/mL (the ratio of TPU mass to total
volume of DMF and ethanol). Fourth, the TPU solutions
including the UFPNBR nanoparticles were magnetically stirred
for 2 h to obtain the ﬁnal homogeneous spinning dopes. The
related physical parameters of the spinning dopes were listed in
Table 1.
2.3. Preparation of the elastomeric ﬁbers
The preparation process of the elastomeric ﬁbers is illustrated
in Fig. 1. Firstly, the prepared spinning dopes were stored in a
container with piston and pressed very slowly into a artiﬁcial
duct (about 500 mm in inner diameter, and about 12 cm in
length). Secondly, the spinning dopes went through the duct
and ﬂowed into the pure tap-water in a glass water tank,
immediately solidifying and spontaneously rising to form the
initial ﬁbers. If the spinning dopes received a sudden rotating
force in the tap-water, they would helically rise to form the
initial helical ﬁbers. Thirdly, after the initial ﬁbers freely rose
from underwater to water surface and stayed for about 3 min
in the tap-water, they were taken out of the water tank and
received vertical stretching up to 5–6 times of the initial length
in another water tank full of tap-water or air, and after the
vertical stretching was kept for about 40 min, the stretched
ﬁbers were prepared. Fourthly, the stretched ﬁbers were placed
in a vacuum oven to be dried for about 12 h at 45 1C under
vacuum, and the ﬁnal ﬁbers were produced. After the initial
Table 1 Related physical parameters of the spinning dopes.
Mass ratio (UFPNBR/TPU) 0/20 1/20 2/20 3/20 4/20 5/20
m1 (g) 2 2 2 2 2 2
v1 (cm
3) 1.802 1.802 1.802 1.802 1.802 1.802
m2 (g) 0 0.1 0.2 0.3 0.4 0.5
v2 (cm
3) 0 0.103 0.205 0.308 0.410 0.513
m3 (g) 14.220 14.220 14.220 14.220 14.220 14.220
v3 (mL) 15 15 15 15 15 15
m4 (g) 4.440 4.440 4.440 4.440 4.440 4.440
v4 (mL) 5 5 5 5 5 5
c1 (g/mL) 0.100 0.105 0.110 0.115 0.120 0.125
c2 (g/g) 0.097 0.101 0.105 0.110 0.114 0.118
m (g) 20.66 20.76 20.86 20.96 21.06 21.16
v (cm3) 21.802 21.905 22.007 22.110 22.212 22.315
r (g/cm3) 0.9476 0.9477 0.9479 0.9480 0.9481 0.9482
Notes: m1, m2, m3, and m4 stood for the masses of TPU, UFNBR, DMF, and ethanol, respectively; v1, v2, v3, and v4 stood for the volumes
of TPU, UFNBR, DMF, and ethanol; the medium values of the supplied densities were used as the real densities of UFNBR, DMF, and
ethanol; c1, c2, m, v and r separately stood for the volume concentration, mass concentration, mass, volume and density of the spinning
dopes; c1¼(m1þm2)/(v3þv4), c2¼ (m1þm2)/(m1þm2þm3þm4), m¼m1þm2þm3þm4, v¼v1þv2þv3þv4, and r¼m/v.
Fig. 1 Preparation process of the elastomeric ﬁbers.
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directly dried in the same conditions without vertical stretch-
ing, and the ﬁnal helical ﬁbers were also made.
2.4. SEM observation on the elastomeric ﬁbers
SEM observations on the surfaces of the elastomeric ﬁbers
were performed with a ﬁeld-emission scanning electron micro-
scopy (HITACHI-S4800, Japan). The specimens were coated
with gold before testing.3. Results and discussion
3.1. Micro/nano structures on the surfaces of the
elastomeric ﬁbers
Three kinds of elastomeric ﬁbers with different micro/nano
structures on the surfaces were ﬁnally prepared, as shown
in Fig. 2. The ﬁrst ﬁber (Fig. 2a and b, about 100 mm
in diameter) was decorated only by micron-sized grooves
(below 8 mm in width) on the surface, and the micron-sized
grooves extended along the axis of the ﬁber. Moreover, some
nanometer-sized grooves were found in the micro-sized
grooves. The second ﬁber (Fig. 2c and d, about 100 mm indiameter) was decorated by not only the micron-sized grooves
but also many nanometer-sized spheres (about 100 nm in
diameter), and the nanometer-sized spheres were homoge-
neously distributed on the surface of the ﬁber. The third ﬁber
(Fig. 2e and f) was a helical ﬁber (about 500 mm screw
diameter and screw pitch), presenting the concave–convex
structure on the surface.
Based on the fact that the micron-sized grooves always existed
on the surfaces of the ﬁrst and second ﬁbers no matter whether
the UFPNBR nanoparticles were added or not, it was thought
that the self assembly (also called as coagulation) of the TPU
macromolecules on the surfaces resulted in the formation of the
micro-sized grooves. Similarly, we also could judge the formation
of the concave–convex structures mainly originated from the self
assembly of the TPU macromolecules on the surface of the helical
ﬁber. The nanometer-sized spheres didnot exist on the surface of
the ﬁrst ﬁber (mass ratio: 0/20), while they were homogeneously
distributed on the surface of the second ﬁber (mass ratio: 4/20);
moreover, the diameter of the nanometer-sized spheres was
similar to that of the UFPNBR nanoparticles, thus, the micro-
phase separation between the UFPNBR nanoparticles and TPU
macromolecules and the self assembly of the UFPNBR nano-
particles on the surface of the ﬁber were thought to jointly result
in the generation of the nanometer-sized spheres. Based on the
mixing method used for preparing the TPU spinning dopes with
Fig. 2 SEM images of the elastomeric ﬁbers with different micro/nano structures. Image a and b showed the ﬁrst ﬁber (mass ratio: 0/20,
scale bars: a—10 mm, b—100 nm). Image c and d displayed the second ﬁber (mass ratio: 4/20, scale bars: c—10 mm, d—100 nm). The
vertical stretching of the ﬁrst and second ﬁbers was conducted in the tap-water. Image e and f illustrated the helical ﬁber (mass ratio: 4/20,
scale bars: e—1 mm, f—10 mm).
Q. Liu et al.496the UFPNBR nanoparticles, some of the UFPNBR nanoparticles
were sure to be embedded in the UFPNBR/TPU elastomeric
ﬁbers.Fig. 3 Spinning process of spider silks in three steps. In the ﬁrst
step, the highly concentrated protein solutions were produced in
the lumen of silk glands. In the second step, the initial silk was
formed in the natural tapering spinning duct. In the third step, the
initial silk was stretched and dried in the air. Reproduced from
Ref. [20]with permission. Copyright 2008, Elsevier.3.2. Biomimetic preparation and formation mechanism of the
elastomeric ﬁbers
It was known that the spinning of spider silks mainly included
three steps, as shown in Fig. 3 [17,20,33]. First, highly
concentrated protein solutions (natural protein spinning dopes
with water as solvents, up to 0.50 g/mL in concentration) were
produced and stored in the lumen of silk glands. Then, the
protein solutions ﬂowed into the natural tapering spinning
duct, and simultaneously started self-assembling to form an
initial silk (an initial silk ﬁber, only being partly solidiﬁed and
still containing many solvents) in the natural duct, accompa-
nied by the extraction of water solvents, ion exchange, shift of
pH, and shear force. Finally, the initial silk was extruded out
of the natural duct into the air, subsequently stretched and
dried in the air to remove the residual water, and the protein
nano-crystalline reinforced dragline silk or the periodically
helical capture silk was produced. Based on the described
spinning process of spider silks, the formation mechanism of
spider silks was usually considered as a simple self assembly
mechanism [17]: driven by hydrogen bonding and hydropho-
bic action, some silk proteins ﬁrst self assembled into b-sheets
and further assembled into soft micelles (10–100 nm in
diameter); then, the soft micelles transformed into gel-like
states leading to metastable liquid crystalline structures with
increasing protein concentration; ﬁnally, triggers, such as the
extraction of water solvents, ion exchange, shift of pH, andshear force, converted the gel states and liquid crystals into a
more stable b-sheet structure, and at the same time the initial
silk with micro/nano structures was formed. In the self
assembly, the diffusion of solvents and ions, coagulation of
silk proteins, and microphase separation between crystalline
phases and amorphous phases had also happened. Thus, more
accurately, the formation mechanism of spider silks was an
integrated mechanism of diffusion, coagulation, self assembly,
and microphase separation.
When the initial silk was formed in the natural spinning duct,
the self assembly and microphase separation processes had
happened. However, in the spinning of traditional polymer
ﬁbers, the initial ﬁbers were not formed in the artiﬁcial spinning
duct, and the self assembly and microphase separation of
macromolecules usually didn’t happen at that time. Therefore,
Biomimetic preparation of elastomeric ﬁbers with micro/nano structures on the surfaces 497in order to obtain the UFPNBR/TPU elastomeric ﬁbers with
micro/nano structures on the surfaces, the key question in the
biomimetic preparation is how to activate the self assembly of
the UFPNBR nanoparticles and TPU macromolecules on the
surfaces of the ﬁbers, and how to realize the microphase
separation between the TPU macromolecules and UFPNBR
nanoparticles on the surfaces of the ﬁbers.
As shown in Fig. 1, the biomimetic preparation of the
UFPNBR/TPU elastomeric ﬁbers could be divided into four
steps. In the ﬁrst step, the TPU spinning dopes including the
UFPNBR nanoparticles were ﬁrst stored in the container. As
shown in Table 1, the concentrations (c1¼0.1–0.125 g/mL,
and c2¼0.097–0.118 g/g) of the spinning dopes were lower
than the ones of the natural protein spinning dopes (0.50 g/mL)
and traditional polymer spinning dopes (wet spinning, 0.12–
0.20 g/g), so we specially adopted a solvent assistant processing
method [34,35] to make the spinning dopes ﬁt for the spinning of
the elastomeric ﬁbers. In other words, we added some ethanol
solvents into the TPU solutions to prepare the spinning dopes.
It is known that DMF is a good solvent of TPU, so the
adding of DMF will destroy the hydrogen bonding among
the TPU macromolecules and accelerate the dissolution of
the TPU macromolecules; while the ethanol, like the water, is
a poor solvent of TPU, so the adding of the ethanol solvents
will make the TPU macromolecules tend to be precipi-
tated from the TPU solutions. In conclusion, a few ethanol
solvents were ﬁrst used to wet and disperse the UFPNBR
nanoparticles, and at the same time, the ethanol solvents
were also hoped, together with the UFPNBR nanoparticles,
to adjust the spinning dopes at a metastable gel-like state
which would be helpful for the formation of the elastomeric
ﬁbers in the tap-water.
In the second step, the spinning dopes were slowly pressed
into the artiﬁcial duct. Obviously, the artiﬁcial duct was
completely different from the natural duct of spiders in
functions. In the artiﬁcial duct, the self assembly of and the
microphase separation between the TPU macromolecules and
UFPNBR nanoparticles didnot happen because there were no
triggers such as the extraction of solvents, ion exchange, shift
of pH, and shear force. Here, the artiﬁcial duct was only used
to guide the spinning dopes into the tap-water according to the
shape of the duct mouth.
In the third step, through the artiﬁcial duct, the spinning
dopes were slowly extruded into the pure tap-water, quickly
solidifying to form the initial ﬁbers and freely rising onto the
tap-water. In the traditional wet spinning of polymer ﬁbers,
water, usually containing other components (e.g. bi-component
and tri-component), is often only used as the coagulating agent,
and the formation mechanism of those polymer ﬁbers is usually
thought as a simple diffusion–coagulation mechanism. In the
biomimetic preparation of the elastomeric ﬁbers, the water was
not only used as the coagulating agent but also had other
functions, and the formation mechanism of the ﬁbers was a bit
different from the formation mechanism of traditional polymer
ﬁbers. When the spinning dopes entered into the tap-water, the
triggers such as the penetration of the water into the spinning
dopes, the extraction of the DMF and ethanol solvents into the
tap-water, and the conﬂuence of the water and ethanol in the
spinning dopes, resulted in the quick coagulation of the TPU
macromolecules. At the same time, the buoyant force, originat-
ing from the lower density of the spinning dopes (r¼
0.9476–0.9482 g/cm3, as shown in Table 1) than that of thewater (about 1 g/cm3), drove the solidifying spinning dopes to
form the initial ﬁbers and rise onto the tap-water, and at that
time, the microphase separation between and the self assembly
of the TPU macromolecules and UFPNBR nanoparticles
started and resulted in the formation of micro/nano structures
on the surfaces of the initial ﬁbers, which would be further
explained in the subsequent contents. Actually, the formation
process of the initial ﬁbers in the tap-water seemed to be very
similar to that of the initial spider silks in the natural duct. That
was to say, a water-constructed duct, like the natural duct of
spiders, would be self-installed as soon as the spinning dopes
ﬂowed into the tap-water. Thus, same as the formation
mechanism of spider silks, the formation mechanism of the
elastomeric ﬁbers was also an integrated mechanism of diffu-
sion, coagulation, self assembly, and microphase separation.
In the fourth step, the initial ﬁbers were taken out to receive
the vertical stretching in the pure tap-water or in the air and
subsequent drying, and the ﬁnal elastomeric ﬁbers were then
obtained. The vertical stretching in the tap-water or in the air
was hoped not only to make the initial ﬁbers become small in
diameter but also to further perfect the formation of the initial
ﬁbers. The subsequent drying was expected to remove the
residue solvents in the ﬁbers and stabilize the micro/nano
structures formed on the ﬁbers. The prepared initial helical
ﬁbers were directly dried without vertical stretching in the tap-
water and in the air.3.3. Control of the micro/nano structures on the elastomeric
ﬁbers
Further observations showed that, when the vertical stretching
of the initial ﬁbers was conducted in the tap-water or in
the air, the elastomeric ﬁbers were always decorated by the
micron-sized grooves on the surfaces no matter whether the
UFPNBR nanoparticles were added or not. This hinted that
the formation of the micron-sized grooves was hardly inﬂu-
enced by the mass ratios of UFPNBR to TPU. Two interest-
ing questions were noted that why the micron-sized grooves
extended along the axis of the ﬁbers and why the surfaces of
the helical ﬁbers presented the concave–convex structures. It
was thought that the free buoyant force in the formation of
the initial ﬁbers and the subsequent vertical stretched force
were the main reasons resulting in an unbalanced axial self
assembly of the TPU macromolecules on the surfaces, and
then causing the formation of the micron-sized grooves. For
the helical ﬁbers, the rotating force and buoyant force in the
formation of the initial helical ﬁbers were considered as the
main reasons resulting in an unbalanced and irregular self
assembly of the TPU macromolecules on the surfaces, and
then causing the formation of the concave–convex structures.
As a result, the force modes during the ﬁbers’ formation
greatly inﬂuenced the micro/nano structures on the ﬁbers.
However, when the UFPNBR nanoparticles were added
and the vertical stretching of the initial ﬁbers was conducted in
the tap-water, the elastomeric ﬁbers were only sometimes
decorated by the nanometer-sized spheres on the surfaces, as
shown in Fig. 4. When the mass ratio was higher than 3/20,
the nanometer-sized spheres existed on the ﬁbers (Fig. 4d–f),
and the size of the spheres became bigger with the increase of
the mass ratios from 3/20 to 5/20. Furthermore, the
nanometer-sized spheres were not simply adsorbed on the
Fig. 4 SEM images of the surfaces of the elastomeric ﬁbers whose vertical stretching was conducted in the tap-water. Mass ratios:
a—0/20, b—1/20, c—2/20, d—3/20, e—4/20, f—5/20. Scale bars: 100 nm.
Q. Liu et al.498surfaces of the ﬁbers, while they had been partly covered by
the TPU macromolecules (this was proved by the fact that the
size of the nanometer-sized spheres on the ﬁbers became
bigger with the increase of the mass ratios, which meant that
they were covered by more TPU macromolecules as the mass
ratios decreased from 5/20 to 3/20). That was to say, the
observed shape of a nanometer-sized sphere on the ﬁbers was
only the partial shape of the whole sphere. This hinted that the
interaction between the nanometer-sized spheres and ﬁber
surfaces was strong so that the spheres would be difﬁcult to be
washed away when the ﬁbers were placed in the water.
A notable question was why the nanometer-sized spheres on
the ﬁbers were partly covered by the TPU macromolecules? It
was known that the UFPNBR nanoparticles (crosslinked rub-
bers) could be swelled by the DMF solvents so that some TPU
macromolecules would enter into the UFPNBR nanoparticles to
form interpenetrating polymer networks. That was to say, the
UFPNBR nanoparticles would present strong interaction and
good compatibility with the TPU macromolecules; furthermore,
the hydrophilicity of the UFPNBR nanoparticles was usually
very weak, so the movement of the UFPNBR nanoparticles in
the interfaces between the tap-water and ﬁbers was weak. Thus,
when the initial ﬁbers were formed and subsequently stretched in
the tap-water, the UFPNBR nanoparticles could self assemble to
form the nanometer-sized spheres on the ﬁbers, but they were
only partly separated from the TPU macromolecules on the
surfaces. When the mass ratio was lower than 2/20, the
nanometer-sized spheres didnot appear on the ﬁbers (Fig. 4a–c).
Why didnot the nanometer-sized spheres exist on the ﬁbers
when the mass ratio was low (r2/20), while the spheres
existed when the mass ratio of UFPNBR to TPU was high
(Z3/20)? Why did the size of the spheres on the ﬁbers become
bigger with the increase of the mass ratio from 3/20 to 5/20? Inorder to well explain the two questions, the vertical stretching
of the initial ﬁbers was also conducted in the air, and then the
obtained ﬁnal ﬁbers were observed by SEM, as shown in
Fig. 5.
As displayed in Fig. 5a, all the ﬁbers were also decorated by
the micron-sized grooves on the surfaces, and the diameters of
these ﬁbers were also about 100 mm. This hinted that the self
assembly of the TPU macromolecules to form the micron-
sized grooves on the ﬁbers was hardly inﬂuenced by the
environments of vertical stretching such as in the tap-water
and in the air. Thus, the self assembly of the TPU macro-
molecules to form the micron-sized grooves was thought to
have happened on the surfaces of the initial ﬁbers, and the
formed micron-sized grooves were kept in the subsequent
vertical stretching.
When the mass ratios were 1/20 and 2/20, opposite to the
previous ﬁbers (Fig. 4b and c), the present ﬁbers (Fig. 5b and c)
were decorated by the nanometer-sized spheres on the
surfaces. It was thought that, when only a few UFPNBR
nanoparticles were added, the whole interaction between the
UFPNBR nanoparticles and TPU macromolecules (originat-
ing from the high speciﬁc surface area of the nanoparticles and
the hydrogen bonding between the UFPNBR nanoparticles
and TPU macromolecules) was relatively weak, and the
viscosity of the spinning dopes was also relatively low, so
the phase separation between the UFPNBR nanoparticles and
TPU macromolecules and the self assembly of the UFPNBR
nanoparticles on the ﬁbers were relatively easy to happen
during the formation of the initial ﬁbers, and further activated
under the vertical stretching in the tap-water; but at that time,
the inner TPU macromolecules of the initial ﬁbers were
also relatively easy to self assemble onto the surfaces under
the vertical stretching in the tap-water with the continuous
Fig. 5 SEM images of the surfaces of the elastomeric ﬁbers whose vertical stretching was conducted in the air. Mass ratios: a—3/20,
b—1/20, c—2/20, d—3/20, e—4/20, and f—5/20. Scale bars: a—10 mm; b, c, d, e, and f—100 nm.
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were low (r2/20), the nanometer-sized spheres had been
produced on the initial ﬁbers, but with the further diffusion
of the inner solvents under the vertical stretching in the tap-
water, many inner TPU macromolecules of the initial ﬁbers
self assembled onto the surfaces and ﬁnally covered the existed
nanometer-sized spheres. However, when the vertical stretch-
ing was conducted in the air, the coagulation of the TPU
macromolecules on the surfaces of the initial ﬁbers was so
quick that the inner TPU macromolecules of the initial ﬁbers
were stopped to self-assemble onto the surfaces and prevented
to cover the existed nanometer-sized spheres; as a result, the
existed nanometer-sized spheres on the initial ﬁbers were
retained on the stretched and ﬁnal ﬁbers.
When the mass ratio was 3/20, like the previous ﬁber (Fig. 4d),
the presented ﬁber (Fig. 5d) was also decorated by the
nanometer-sized spheres on the surface. It was thought that,
when lots of UFPNBR nanoparticles were added, though the
whole interaction between the UFPNBR nanoparticles and TPU
macromolecules and the viscosity of the spinning dopes were both
increased, the phase separation between the UFPNBR nanopar-
ticles and TPU macromolecules and the self assembly of the
UFPNBR nanoparticles still happened on the surface, so the
nanometer-sized spheres were produced on the initial ﬁber;
moreover, the inner TPU macromolecules of the initial ﬁber were
very difﬁcult to self assemble onto the surface to cover the existed
nanometer-sized spheres because of the intensiﬁed whole interac-
tion between the UFPNBR nanoparticles and TPU macromole-
cules and the increased viscosity of the spinning dopes even if the
vertical stretching was conducted in the tap-water. Thus, the
existed nanometer-sized spheres on the initial ﬁber were also
retained on the stretched and ﬁnal ﬁber no matter whether the
vertical stretching was conducted in the tap-water or in the air.However, the size of the spheres on the ﬁber whose vertical
stretching was conducted in the tap-water seemed to be smaller
than the size of the spheres on the ﬁber whose vertical stretching
was conducted in the air. It was because a few inner TPU
macromolecules of the initial ﬁber still self-assembled onto the
surface to partly cover the existed nanometer-sized spheres during
the vertical stretching in the tap-water though the inner TPU
macromolecules of the initial ﬁber had been very difﬁcult to self
assemble onto the surface of the ﬁber at that time.
When the mass ratios were 4/20 and 5/20, opposite to the
previous ﬁbers (Fig. 4e and f), the present ﬁbers (Fig. 5e and f)
were hardly decorated by the nanometer-sized spheres on the
surfaces. It was thought that, when much more UFPNBR
nanoparticles were added, the whole interaction between the
UFPNBR nanoparticles and TPU macromolecules and the
viscosity of the spinning dopes were more greatly increased, so
the phase separation between the UFPNBR nanoparticles and
TPU macromolecules and the self assembly of the UFPNBR
nanoparticles on the surfaces of the initial ﬁbers were harder
to happen within a short time of about 3 min; but the phase
separation between the UFPNBR nanoparticles and TPU
macromolecules and the self assembly of the UFPNBR
nanoparticles were greatly activated under the subsequent
long-time (about 40 min) vertical stretching in the tap-water.
Thus, when the mass ratios were high (Z4/20), the nanometer-
sized spheres were not produced on the initial ﬁbers, but they
were then produced on the stretched ﬁbers when the vertical
stretching was conducted in the tap-water. When the vertical
stretching of the initial ﬁbers was conducted in the air, the
phase separation between the UFPNBR nanoparticles and
TPU macromolecules and the self assembly of the UFPNBR
nanoparticles on the surfaces could not be activated in the air,
so the nanometer-sized spheres were neither produced on the
Mass ratio
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The initial fiber in 1st stage 
1/20 ,  2/20
Vertical stretching
in the tap-water
Vertical stretching
in the air
3/20
Vertical stretching
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The stretched fiber in 2nd stage
Drying
Fiber
Groove
Nanoparticle
Embedded 
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Fig. 6 Three-stage formation sketch map of the elastomeric ﬁbers with micro/nano structures on the surfaces in the mass ratios of 1/20,
2/20, 3/20, 4/20, and 5/20.
Q. Liu et al.500initial ﬁbers nor on the stretched and ﬁnal ﬁbers. Now, we
could further explain why the size of the nanometer-sized
spheres on the ﬁbers (Fig. 4d–f) became bigger with the
increase of the mass ratio from 3/20 to 5/20. The cause was
that, as the mass ratio increased, the produced nanometer-
sized spheres on the surfaces were more difﬁcult to be further
covered by the inner TPU macromolecules of the ﬁbers during
the vertical stretching in the tap-water.
Based on all the above analysis, the formation sketch map of
the UFPNBR/TPU elastomeric ﬁbers with micro/nano struc-
tures on the surfaces could be described as three stages, as
shown in Fig. 6. In the ﬁrst stage, the initial ﬁbers were formed
in the tap-water and presented two kinds of micro/nano
structures on the surfaces. When the mass ratios were 1/20,
2/20, and 3/30, the initial ﬁbers were decorated by the micron-
sized grooves and nanometer-sized spheres on the surfaces; but
when the mass ratios were 4/20 and 5/20, the initial ﬁbers were
decorated only by the micron-sized grooves on the surfaces, and
the UFPNBR nanoparticles were almost completely embedded
by the TPU macromolecules. In the second stage, after the
initial ﬁbers received vertical stretching in the tap-water and in
the air, some of the stretched ﬁbers presented the micro/nano
structures different from those of the corresponding initial
ﬁbers. When the vertical stretching was conducted in the tap-
water, the stretched ﬁbers in the mass ratios of 1/20 and 2/20
were only decorated by the micron-sized grooves on the
surfaces, and the existed nanometer-sized spheres on the initial
ﬁbers were completely covered by the TPU macromolecules,
while the stretched ﬁbers in the mass ratios of 3/20, 4/20, and 5/
20 were decorated by both the micron-sized grooves and
nanometer-sized spheres on the surfaces. When the vertical
stretching was conducted in the air, the stretched ﬁbers in the
mass ratios of 1/20, 2/20, and 3/20 were decorated by both
the micron-sized grooves and nanometer-sized spheres on thesurfaces, while the stretched ﬁbers in the mass ratios of 4/20 and
5/20 were only decorated by the micron-sized grooves on the
surfaces because the UFPNBR nanoparticles were still comple-
tely embedded by the TPU macromolecules. In the third stage,
the stretched ﬁbers were dried, and the produced micro/nano
structures including the micron-sized grooves and nanometer-
sized spheres on the stretched ﬁbers were kept and stabilized on
the ﬁnal ﬁbers. It needed to be emphasized that all the produced
nanometer-sized spheres on the ﬁbers had been partly covered
by the TPU macromolecules.
In summary, the micro/nano structures on the initial ﬁbers
could be controlled by changing the mass ratios of UFPNBR
to TPU. When the micro/nano structures on the initial ﬁbers
had been formed, the micro/nano structures on the ﬁnal ﬁbers
could be further manipulated by altering the environments of
vertical stretching (in the tap-water or in the air). In the
control of the micro/nano structures on the elastomeric ﬁbers,
it should be specially recognized that the tap-water always
plays a very important role.4. Conclusions
In this study, the biomimetic preparation of the UFPNBR/
TPU elastomeric ﬁbers was attempted, and three elastomeric
ﬁbers with different micro/nano structures on the surfaces
were ﬁnally fabricated. The ﬁrst ﬁber was only decorated by
the micron-sized grooves, and the second ﬁber was dotted by
both the micron-sized grooves and nanometer-sized spheres,
while the third ﬁber was a helical ﬁber with concave–convex
structures. The biomimetic preparation of the ﬁbers was
chieﬂy divided into four steps, a bit different from the three-
step spinning process of spider silks; but the formation
mechanism of the ﬁbers was almost same as that of spider
Biomimetic preparation of elastomeric ﬁbers with micro/nano structures on the surfaces 501silks, the integrated mechanism of diffusion, coagulation, self
assembly, and microphase separation. The micro/nano struc-
tures on the ﬁbers could be controlled by changing the mass
ratios of UFPNBR to TPU and the environments of vertical
stretching (in the tap-water or in the air). The existed
nanometer-sized spheres on the ﬁbers had been partly covered
by the TPU macromolecules, which suggested that the inter-
action between the nanometer-sized spheres and ﬁber surfaces
was so strong that the nanometer-sized spheres would be
difﬁcult to be washed away when the ﬁbers were used in the
water. The prepared ﬁbers were hoped, simultaneously like
lotus leave, butterﬂy wing, and spider silk, to have the
integrate functions of superhydrophobicity, self cleaning,
and mechanical improvement of toughness or strength. For
example, on the one hand, the coexistence of the micron-sized
grooves and nanometer-sized spheres on the surfaces would
endow the ﬁbers and their textiles (being made of the ﬁbers)
with superhydrophobicity, and at the same time the micron-
sized grooves would be helpful to drive the formed water-
drops on the surface to spontaneously roll down along the axis
of the ﬁbers, further resulting in the self cleaning. On the other
hand, the existing UFPNBR nanoparticles in the ﬁbers might
improve the mechanical properties of the ﬁbers such as the
toughness and strength because the UFPNBR nanoparticles
were ﬂexible and presented high speciﬁc surface area.
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